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Guangzhou, China; and 2School of Public Health, The University of Hong Kong, Hong Kong, ChinaABSTRACT Mitochondria are highly dynamic cell organelles. Continual cycles of fusion and fission play an important role in
mitochondrial metabolism and cellular signaling. Previously, a novel mitochondrial morphology, the donut, was reported in cells
after hypoxia-reoxygenation or osmotic pressure changes. However, the mechanism of donut formation remained elusive. Here,
we obtained the distribution of donut diameters (D ¼ 2R) and found that 95% are >0.8 mm. We also performed highly precise
measurements of the mitochondrial tubule diameters using superresolution and electron microscopy. Then, we set up a model
by calculating the mitochondrial bending energy and osmotic potential during donut formation. It shows that the bending energy
is increased as the radius of curvature, R, gets smaller in the process of donut formation, especially for radii<0.4 mm, creating a
barrier to donut formation. The calculations also show that osmotic potential energy release can balance the rising bending
energy through volume expansion. Finally, we revealed the donut formation process in a Gibbs free-energy-dependent model
combining calculations and measurements.INTRODUCTIONMitochondria are highly dynamic cell organelles whose
morphology is regulated by fusion-fission cycles. Contin-
uous fusion-fission dynamics are required for normal
mitochondrial function and its role in cellular signaling
(1,2). So far, several proteins have been reported to
be involved in mitochondrial fusion-fission dynamics,
including Mfn1 and Mfn2, controlling outer membrane
fusion, Opa1, controlling inner membrane fusion, and
Drp1, which is recruited by Mff to the outer membrane
for fission (3). Elongation and/or fragmentation have been
reported to occur under different physiological or patholog-
ical conditions (4). It has also long been known that mito-
chondria can undergo swelling and shrinkage (5).
In our previous work, we have reported another type of
mitochondrial formation we termed donuts, which were
observed in cells after hypoxia-reoxygenation and under
osmotic pressure changes. Compared with swollen mito-
chondria, these ringlike mitochondria donuts are more
able to recover to a linear shape when the stress disappears
(6). Mitochondrial swelling has been observed in many
tissues during reoxygenation/reperfusion after hypoxia
(7–9). Mitochondrial swelling during reoxygenation at least
partially results from opening of the permeability transition
pore (10), but the Kþ conductance of the mitochondrial
inner membrane is an alternative mechanism for matrixSubmitted March 12, 2015, and accepted for publication July 2, 2015.
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0006-3495/15/09/0892/8volume changes (11). The activities of ATP-activated Kþ
channels and Ca2þ-activated Kþ channels have been re-
ported to change during hypoxia-reoxygenation (12–15).
In this study, we measure the diameters of mitochondria
at high precision using the newly developed fluorescence
superresolution imaging technologies, stochastic optical
reconstruction microscopy (STORM) and photoactivated
localization microscopy (PALM) (16), in combination with
transmission electron microscopy (TEM). Then, to investi-
gate the physicochemical aspects of donut formation, we
set up a free-energy model of donut formation by calculating
mitochondrial bending energy and osmotic potential energy
during donut formation. This model suggests that the incre-
ment of bending energy is the major barrier for donut
formation. Meanwhile, the release of osmotic potential en-
ergy could promote the activation of donut formation through
decrement of the total Gibbs free energy. The calculation also
shows that formation of donuts of diameter <800 nm is in-
hibited by the robust increase in the bending-energy barrier
at the last moments before fusion of the two ends, especially
whenviewed in terms of the bending energy per unit of mem-
brane. This calculation closely aligns with our measurement
of donut and mitochondrial diameters with high-precision
fluorescence imaging.MATERIALS AND METHODS
Plasmids and cell transfection
The mtGFP plasmid was constructed from a commercial plasmid,
pDsRed2-mito (Clontech, Mountain View, CA), by replacing DsRed2http://dx.doi.org/10.1016/j.bpj.2015.07.039
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ing sequence of COX VIII at the N-terminus. The mEOS2-Omp25
plasmid is constructed by fusion of an mEOS2 fluorescent protein with
the localization sequence of the mitochondrial outer-membrane protein
Omp25 (17,18). Transfection was performed by electroporation with
106 cells and 10 mg of each plasmid in 200 mL Opti-MEM. The cells
were cultured on a 35 mm dish with a glass bottom (WPI, Sarasota,
FL) and imaged by confocal microscopy 24 h after transfection. Cells
were treated with carbonyl cyanide p-trifluoromethoxyphenylhydrazone
(FCCP) (5 mM) for 15–30 min. The donut diameter, mitochondrial diam-
eter, and percent of mitochondria with a tail are quantified by the imaging
methods as follows.Live-cell microscopic imaging
Confocal microscopy imaging was performed with a Zeiss (Oberkochen,
Germany) LSM710 inverted microscope. Experiments were performed
with a 100 oil lens (Apo, NA 1.40) recording a 1024  1024 pixel image
with a temperature and CO2 controller system. mtGFP was visualized in a
time-lapse model using a 488 nm excitation laser.Superresolution microscope imaging
Mouse embryonic fibroblasts (MEFs) were cultured in glass-bottomed
chambers (Thermo, Waltham, MA) and stained with primary antibody
against TOMM20 (Abcam, Cambridge, MA) and secondary antibody
labeled with AlexaFluor 647 (Life Technology, Carlsbad, CA), as in a
previous work (16). STORM imaging was performed with an N-STORM
microscope (Nikon, Tokyo, Japan) with a 100 TRIF lens (Apo, NA
1.49) and 200 mW 647 nm lasers. The final images were then recon-
structed from 100,000 frames of 256  256 pixel images captured with
an EMCCD iXON897 camera (Andor, Belfast, Ireland) at the rate of
50 fps. Mitochondria diameters were measured by a parallel line tool
marking the edge of the mitochondria with NIS-element software
(Nikon). For PALM imaging, MEF cells were transfected with mEOS2-
Omp25 plasmid 48 h before being fixed with 2% paraformaldehyde
(Sigma, St. Louis, MO). Cell imaging was performed using N-STORM
microscopy (Nikon) with a 561 nm laser (150 mW) followed by a
weak 405 nm laser to transform the mEOS2 protein from green (this
channel is dark without a 488 nm laser) to red. The images were captured
as with STORM.TEM imaging
MEFs were fixed with 3% glutaraldehyde, and the experiment was carried
out as described previously (19).Figure and data calculating
We used MATLAB (The MathWorks, Natick, MA) and Graphpad Prism
(GraphPad Software, La Jolla, CA) for data calculations (see the Supporting
Material).RESULTS AND DISCUSSION
Mitochondrial donut formation
Mitochondria are tubular organelles that undergo dynamic
changes in morphology, including shape changes, branch-
ing, fusion, and fission. Previously, we reported the occur-
rence of ring-shaped mitochondria (donuts) as determinatein the recovery of mitochondrial membrane potential after
hypoxia-reoxygenation (6). Here, we describe a typical
event of donut formation: one linear mitochondrion bends,
self-fuses, and eventually forms a donut without a tail
(Fig. 1 A).
To better understand the physiological phenomenon of
donut formation, we sought, first, to quantify their physical
dimensions. The diameter of the resulting ring shapes (D ¼
2R) in MEFs treated with uncoupling FCCP were quantified
using ImageJ by measuring the distances between the fluo-
rescence peaks of a profile plot (Fig. 1 B, left and middle).
We found donut diameters in the range 0.5–2.4 mm with a
nearly Gaussian distribution. The mean diameter was
1.17 mm, very near the 1.33 mm average reported in a
different cell type (6). Ninety-five percent of donut diame-
ters were between 0.8 and 1.8 mm, which we consider the
typical range.Mitochondrial diameter measurement
The diameter of the mitochondrial tubule (d ¼ 2r) is also an
important factor in donut formation. However, this has been
difficult to reliably measure, as it is near the diffraction limit
of optical microscopy resolution, in the range 200–500 nm
according to previous reports (20–22). To obtain greater
accuracy in the measurement of mitochondrial widths, we
compared the results obtained by three methods of superre-
solution: fluorescence localization microscopy (STORM
and PALM) and TEM.
Localization microscopy demands minimal manipula-
tion of the sample, especially for PALM, in which one
uses photoswitchable fluorescent protein tags, and the
resulting resolution can be as little as 20–30 nm. For
STORM imaging, mitochondria in MEFs were labeled
by immunofluorescence detection of TOMM20, an outer
mitochondrial membrane protein. Reconstructions were
made from 100,000 frames, resulting in an effective reso-
lution of 30 nm (Fig. 1 C). For PALM, mitochondria were
labeled by overexpression of a fusion construct of photo-
switchable mEOS2 and the transmembrane domain of the
outer membrane protein Omp25, and cells were imaged
after fixation in 2% paraformaldehyde (Fig. 1 D). Mea-
surements of mitochondrial diameters from these recon-
structions were compared to those from TEM (Fig. 1, E
and F). The mean diameter measured by TEM is 260 5
70 nm, whereas the STORM and PALM analyses gave
values of 290 5 50 nm and 210 5 30 nm, respectively.
Thus, from these measurements we conclude that the
typical diameter of a mitochondrial tubule in MEFs is
~200–300 nm. The difference between these measure-
ments may be due to the methods themselves, such as
the size of the antibodies in STORM and embedding
and sectioning in TEM, and the fact that PALM gives
the smallest radius may reflect the precision of this
method due to no torsions.Biophysical Journal 109(5) 892–899
FIGURE 1 Mitochondrial donut formation and
diameter measurements. (A) A typical event of
donut formation. The mitochondrion was tubular
at 0 s, then bent to self-fusion at 50 s and finally
formed a donut shape at 64 s. Scale bar, 1 mm.
(B) Donut diameter was measured with images
taken with a confocal microscope. The mitochon-
dria were marked with mtGFP. The fluorescence
profile along the red line (left) is shown in the
middle image. The distribution of measured diame-
ters is shown at right, and the red line shows
the Gaussian fit (n ¼ 111). Scale bar, 1 mm.
(C) STORM imaging of mitochondria in MEF cells.
Mitochondria were marked with TOMM20 anti-
body, and the image was reconstructed from
100,000 images. Scale bar, 0.2 mm. (D) 3D PALM
imaging of mitochondria. The parallel lines were
used to measure the diameter. The color (green-
red) indicates the z-axis depth of the structure. Scale
bar, 0.2 mm. (E) TEM imaging of mitochondria. The
arrow shows the diameter. (F) Distributions of mito-
chondrial diameters measured by STORM (n¼ 55),
PALM (n ¼ 33), and TEM (n ¼ 57). ***p < 0.001
using the two-tailed t-test.
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The morphology of mitochondria was reconstructed with
3D-deconvoluted images, and the caps of the cylinder
mitochondria were shown to be close to hemispheric (23).
We proposed a model of donut formation wherein the funda-
mental state of the mitochondrion is a linear rod-like cylin-
der with a hemispheric cap on each end (Fig. 2 A). The
length of the cylinder is L, the radius of both the cylinder
and the hemispheres is r, and the radius of the donut is R.
We defined the unclosed donut as an arc in angle u with
radius Ru ¼ L/u, u˛(0, 2p), whereas the cylinder is an
unclosed donut with Ru equal to N. Thus, the process of
donut formation involves the reduction of the donut radius,Biophysical Journal 109(5) 892–899Ru (Fig. 2 B).There are two kinds of donuts, those with a tail
and those without a tail (Fig. 2 C). We defined the donuts
with a tail as model A and those without a tail as model B.The free energy of donut formation
Donut formation happens under particular conditions, as
osmotic pressure is increased by Kþ influx or some other
stress conditions (6). There must be some energy driving
this process, so we modeled the donut and calculated the
free-energy increment of this process.
There are three kinds of structural energy that can be
defined in donut formation: the surface energy (Es), the
FIGURE 2 Geometric models of donuts. (A) A 2D model of a mitochon-
drion in the fundamental state (rod) and as a donut without a tail. (B) Geo-
metric description of the process of donut formation. (C) Model of a donut
with a tail. (D) A 3D model donut. (E) Donut longitudinal section.
Mitochondrial Donut Modeling 895bending energy (Eb), and the osmotic energy (Ep). Thus, the
total free energy of a closed lipid vesicle is
G ¼ Es þ Eb þ Ep: (1)
Surface energy (Es) can be defined asEs ¼ l
Z
dA:
The surface area of the mitochondrial membrane was re-
ported to be invariant during donut formation after FCCP
treatment or in swelling, as measured by 3D reconstructions
of deconvolved confocal images (22,23). Donut formation
and swelling are similar processes in that both happen in a
relatively short time frame of several minutes. Es depends
only on the surface area; therefore, we conclude that the
change in surface energy is zero during donut formation
(DEs ¼ 0). FCCP is a weak lipid-soluble acid with the
role of protein-independent uncoupling, which could specif-
ically increase the permeability of Hþ in mitochondria inner
membranes (24). In our previous study, FCCP-induced
donut formation is prevented by mitochondrial permeability
transition pore (PTP) inhibitor, indicating the dependence
of donut formation on PTP opening (6). There is also a
side effect of opening the mitochondrial ATP-dependent po-
tassium channel of the inner membrane in low-dose FCCP
treatment (23,25,26) or reactive oxygen species level in
long-time treatment (26). In our system, FCCP treatment
takes place within 30 min, and the composition of mitochon-
drial outer-membrane proteins should have little chance to
change. We have shown that donut formation is triggeredby opening of the PTP or Kþ channels, which in turn causes
mitochondrial osmotic pressure change (4). FCCP treatment
has the potential to influence some channel conductance in
the mitochondrial inner membrane, but this occurs in the
inner system of our object and thus should have no direct
effect on the osmotic pressure of whole mitochondria.Bending energy
A theoretical description of the free energy of cell
membranes was first proposed by Helfrichin (15,27). The
bending energy of the membrane can be described by the
equation
Eb ¼ #Kb
2
ðC1 þ C2 þ C0Þ2dAþ #Kg  C1  C2dA: (2)
Here, C1 and C2 represent the curvature of the membrane,
and C0 is the curvature of the membrane with a bilayer of
asymmetric chemical composition or asymmetry of the
microenvironment around the membrane. The constant Kb
is the bending rigidity, which is dependent on the tempera-
ture, and Kg is the elastic modulus of the Gaussian curva-
ture. Kb is equal to 10
19 J according to a previous report
(27), whereas Kg is not easily obtained, as it varies with
the components of the membrane, especially the proteins
located in the membrane. However, it has been reported to
be <0.8  1019 J (28).
Before bending to form a donut, the mitochondrial mem-
brane is in the fundamental state. The bending energy of the
whole mitochondrion increases in either donut model, A or
B, after it bends to form a donut. Specifically, in model A,
the tail section of the donut has no morphological change
from the fundamental state, so its bending energy remains
unchanged and we can ignore the tail for the purposes of
our calculation. We established above our coordinate system
for donut formation and defined the unclosed donut as an arc
of radius Ru with the angle u (Ru > Lþ 2r=2p) (Fig. 2 C).
According to our calculations in Eqs. 26–29 in the Sup-
porting Material, the bending energy of a tubular mitochon-
drion is
Etu b ¼ p Kb L
r
þ 8 p kb þ 4 p Kg: (3)
The bending energy of a forming donut of radius Ru is
Eb ¼ Kb L
2 Ru r
Z p
0

R2u
Ru  r sin4
Rur sin4
Ru þ r sin4

d 4
þ 4 Kb L
Ru
þ p Kb L
2r
þ 4 L Kg
Ru
þ 8 p Kb þ 4 p Kg:
(4)
Here, Ru > Lþ 2r=2p.Biophysical Journal 109(5) 892–899
896 Long et al.For a perfect donut, the bending energy is
Eb ¼ p Kb
r
Z p
0

R2
R r sin4
R r sin4
Rþ r sin4

d 4
þ

p2
R
r
þ 8p

Kb þ 8p Kg: (5)
The change of bending energy in the donut forming process
is
D Eb ¼ Kb L
2 R r
Z p
0

R2u
Ru  r sin4
Rur sin4
Ru þ r sin4

d 4
þ 4 Kb L
Ru
þ 4 L Kg
Ru
 p Kb L
2 r
:
(6)
The difference between the bending energy of a tubular
mitochondrion and that of a perfect donut is
D Eb ¼ p Kb
r
Z p
0

R2
R r sin4
R r sin4
Rþ r sin4

d 4þ 4 p Kg
 p
2R Kb
r
:
(7)
Osmotic energy
The inflow of Kþ leads to an increase of the osmotic pres-
sure on mitochondria, which results in donut formation
(6). During the process of mitochondrial swelling, the
osmotic potential energy gained from Kþ inflow leads to
increased volume of the mitochondria. Therefore, we use
the volume work (W) to represent the change of the osmotic
potential energy.
DEp ¼ W ¼ DP 
Z
dV: (8)
It is equal to the external work (W) in the process of donut
formation.
In our model, mitochondria resist the constant outer pres-
sure and expand their volume by DV. The constant pressure
consists of two parts. The first is the cytoplasm osmotic
pressure, P0, which is constant (the value of cell cytoplasm
osmotic pressure is equal to 800 kPa (12)), and the second
is the additional pressure, DP, produced by the curving
membrane, which is equal to 2l/r. Here, the surface tension
(l) of mitochondria is 104 N/m, as reported previously
(29,30). The surface area and volume change of donut for-
mation is calculated in detail in the Supporting Material
(Eqs. 14–21). According to the change of the volume, the
osmotic potential can be calculated asBiophysical Journal 109(5) 892–899DEp ¼ 
Z
PdV ¼ 

P0 þ 2l
r

 DV: (9)
In model A, the tailed donut, the osmotic potential energy
change is
DEp ¼ DP  DVa ¼ 

1
3
pP0r
3 þ 2
3
pr2

: (10)
For model B, the decrease of osmotic potential energy of the
donut without a tail is
DEp ¼ DP  DVb ¼ 2 

1
3
pP0r
3 þ 2
3
plr2

:
(11)
The change of the osmotic potential energy, DEp, is deter-
mined by r, but not by R:
DEp ¼ W ¼ k 

1
3
pP0r
3 þ 2
3
plr2

; (12)
where k ¼ 1 in model A and k ¼ 2 in model B.The change of total free energy
As described in Eq. 1, the change of total energy is the sum
of the changes of the surface, bending, and osmotic
energies:
DG ¼ DEs þ DEP þ DEb ¼ DEp þ DEb:
The mitochondrial diameter is a fundamental characteristic
of the organelle, and is not changed during donut formation.
The relationship of total free energy, DG, to donut diameter
is as follows for mitochondria with defined r:
DG ¼ k

1
3
pP0r
3 þ 2
3
plr2

þ p Kb
r

Z p
0

R2
R r sin4
Rr sin4
Rþ r sin4

d 4þ 4pKg  p
2RKb
r
;
(13)
where k ¼ 1 in model A and k ¼ 2 in model B.Bending energy,DEb, is the major barrier to donut
formation
There are two steps for transforming a tubular mitochon-
drion into a donut. First, it bends into an unclosed donut;
second, the two ends fuse together to form a complete donut.
There may be a donut with a tail, but we only consider the
donut part at this moment, as there is no change of energy in
the tail part, as discussed above.
Mitochondrial Donut Modeling 897At the first step, DEp is equal to zero, with no change of
volume. Thus, the change of free energy, DG, is equal to
DEb, which was described in Eq. 4 and is plotted as a
function of Ru and L in Fig. 3, A and B, with a defined
mitochondrial radius of r ¼ 100 nm. The bending energy
naturally increases as the radius, R, decreases (i.e., the mito-
chondrion becomes more tightly bent), and it reaches the
peak just before the fusion of the two ends. The bending
energy increases suddenly in the last part of bending before
the fusion event, which makes a barrier for donut formation,
especially for short mitochondria forming with a smaller
radius R (Fig. 3 B).
Meanwhile, at the fusion step, a large amount of potential
energy will be released due to the release of the osmotic
pressure (Eq. 12). However, it could also be visualized
that the longer the mitochondrion taking part in donut
formation, the more the bending energy increases, but thatmay be because the comparison is among different-sized
mitochondria.Donut radius,R, is a key determining factor for the
bending-energy barrier in donut formation
Bending energy is the major barrier to donut formation, and
the size of mitochondria may be a key factor in determining
the bending energy of donut formation. There is a sudden in-
crease of DEb as Ru approaches its maximum in the final
stage of donut bending, especially for a donut with radius
R ~ 0.5 mm (Fig. 3 B). Thus, the donut radius, R, may be
a determining factor in donut formation.
To compare the donut radius, R, and the bending energy at
the last moment, we plot the bending energy as a function of
the donut radius, R, and the mitochondrial radius, r. It is
obvious that bending energy is positively correlative withFIGURE 3 The change in bending energy during
donut formation. (A) The change of bending
energy, DEb, as a function of Ru and L in the ideal
donut-formation process described in Fig. 2 B un-
der the condition r ¼ 100 nm. (B) The change of
bending energy, DEb, during the process of donut
formation (as radius Ru gets smaller) for three
typical-lengths, L. (C) The bending energy, Eb, as
a function of R and r in different-sized donut
mitochondria. (D) The bending energy per unit
membrane, Eb/S, as a function of R and r.
(E) The relationship between Eb/S and R at fixed
r ¼ 100 nm.
Biophysical Journal 109(5) 892–899
898 Long et al.both R and r (Fig. 3 C). However, when instead viewed in
terms of the increment of bending energy per membrane
unit (Eb/S) (Fig. 3 D), it is clear that much more energy is
needed to form a smaller donut on a per-membrane basis,
especially for a donut with radius R < 400 nm when r is
100 nm (Fig. 3 E).The change of total free energy, DG, during donut
formation
The overall process of donut formation should be energeti-
cally favorable in cases where the bending energy barrier
is surmountable. We supposed that the processes of Kþ
influx and water flow in donut formation are carried out
simultaneously, and that the expanding of the mitochondria
could be regarded as volume change, DV, under constant
pressure, P. The release of potential energy is equal to the
volume work, as described in Eq. 12. The value of cell cyto-
plasm osmotic pressure is equal to 800 kPa (12). Therefore,
we set P0 at 800 kPa and get the released potential energy
(DEp ¼ W) in donut formation as a function of the mito-
chondrial radius, r (Fig. 4 A).
Obviously, the released potential energy is much more
than the increment of bending energy, DEb (Fig. 4 B).
Thus, donut formation ultimately reduces the Gibbs free
energy of the system, which helps explain their existence
(Fig. 4 B). We can also conclude from Eq. 7 that the for-FIGURE 4 Potential energy drives donut formation. (A) The relationship
between potential energy, DEp (equal to external work,W), and r in the two
models of donut formation. (B) The change of total free energy,DG, and r in
donut formation at the condition R ¼ 500 nm. (C) The Gibbs energy model
of a donut-formation event.
Biophysical Journal 109(5) 892–899mation of donuts without tails will release twofold the
potential energy of formation for tailed donuts, which
means that the perfect donuts (i.e., those without tails)
are much more stable in theory. Indeed, our experimental
data of donuts post-FCCP treatment show that nearly half
have tails at the beginning, and later most change into per-
fect donuts (Fig. S1). Meanwhile, it is a time-course event.
The bending-energy barrier is increased robustly before
the last moment of donut formation (Fig. 3 B). The fusion
of the two ends occurs in the final moments near the
peak of bending energy. Thus, few donuts were observed
in a normal condition, without swelling as a source of po-
tential energy. However, the combining of potential energy
release still has important effects on promoting donut
formation.
In summary, we constructed a Gibbs energy model of a
donut-formation event as shown in Fig. 4 C. The increment
of osmotic potential in the stress condition initiates the
donut formation. Then, the mitochondrion bends to an
unclosed donut, in which process the bending energy in-
creases gradually as the radius, Ru, decreases. Near comple-
tion of the donut shape, the bending energy increases steeply
ahead of fusion of the two ends, which creates a barrier for
donut completion that is especially high for small donuts
with R <e 400 nm. After the fusion of the two ends, the donutmitochondrion releases energy totaling much more than that
obtained in the bending process, leaving the organelle in a
lower-energy state than when it was tubular with increased
potential. From this state, it can recover to the tubular struc-
ture after the stress is eliminated (6).SUPPORTING MATERIAL
Supporting Materials and Methods, one figure, and MATLAB are avail-
able at http://www.biophysj.org/biophysj/supplemental/S0006-3495(15)
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